I. Introduction
Coherent control of a molecular process aimed at steering its dynamical evolution towards a desired target has been a goal pursued for a long time 1, 2 . This type of control relies both on the coherent nature of light and on the quantum nature of light and matter. Control strategies have been successfully designed and applied experimentally to different molecular processes within both weak-field and strongfield conditions. 3−14 From the theoretical point of view, a variety of control schemes has also been proposed. 1,2,15−26 However, despite the spectacular advances occurred in the last years in the field of coherent control, still many challenges and questions remain open.
In addition to the control effects achieved by varying the frequency bandwidth and the intensity of the laser pulse used, the influence of modulating the laser phase on the control effects has been extensively investigated in the last years. More specifically, the questions about how and to what extent control can be exerted by varying the phase dependence of a fixed bandwidth laser pulse in the weak-field, one-photon limit, have been addressed. Weak-field coherent control (vs strong-field control) has the advantage of preserving the inherent dynamics of the system. In this sense, a most relevant development was the theoretical proof that for closed systems initially in an eigenstate of the electronic ground state, phase control of the asymptotic, long-time limit final state distributions of photodissociation fragments is not possible in the weak-field regime. 27, 28 Indeed, that proof showed that asymptotic product distributions are independent on the laser phase, and thus phase modulation cause no effects on the final fragment distributions. 27−29 Later on, an experiment on weak-field coherent control of retinal isomerization was reported, where longtime control effects of the isomerization yields were observed by modulating the laser phase. 6 This finding appeared to contradict the previous theoretical proof.
In order to clarify this controversy, the conditions for one-photon coherent phase control in isolated and open quantum systems were established. 30 In the light of these conditions, it was concluded that the modes involved in retinal isomerization 2 Page 2 of 23 Physical Chemistry Chemical Physics
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can be considered as a subsystem coupled intramolecularly to the environment of the remaining modes of this large molecule, and under these "open" system conditions, weak-field coherent phase control of the subsystem properties is possible.
However, transient postpulse one-photon coherent phase control has been demonstrated in the photodissociation of diatomic molecules. Thus, after the laser pulse vanished it was, e.g., observed that the total dissociation probability as well as the branching ratio between different electronic states could be modulated by the spectral phases. 24−26 Furthermore, it has been shown that when a superposition of nonorthogonal, interfering states, like overlapping resonances, is prepared, transient weak-field phase control of the time-dependent populations of some electronic states in different systems is possible during a postpulse time window. 24, 31 More recently it was reported the first computational demonstration of coherent control of the final state distribution of photodissociation fragments based on pure phase modulation of the pump pulse in the weak-field regime. 32 The specific process investigated was the vibrational predissociation of the Ne-Br 2 (B) van der Waals (vdW) complex, which is excited to a superposition of overlapping resonance states using fixed bandwidth pulses with different linear chirps. Phase control effects on the transient vibrational populations of the Br 2 (B, v f ) fragment produced upon predissociation were demonstrated by varying the chirp rate, and such control effects were found to persist for a long-time window of about 200 ps after the pulse is over.
The postpulse long-time window of phase control effects on the Br 2 (B, v f ) fragment populations was attributed to the change of the mechanism of interference between the Ne-Br 2 (B) overlapping resonances when the chirp rate varies. 32 When a coherent superposition of nonoverlapping (and therefore noninterfering) Ne-Br 2 (B) resonances was prepared, phase effects on the Br 2 (B, v f ) populations by varying the chirp rate were found only during the time that the pump pulse was on, and this absence of postpulse control effects supported the above conclusion. Thus, it would be most interesting to understand in detail how modulation of the laser pulse phase affects interference between the overlapping resonances, and how this is reflected in the final control effects on the transient fragment populations, and this is the aim of the present work. Such a detailed understanding would provide the possibility to exert a more active control by manipulating the interference mechanism, in order to increase the intensity of the phase effects and the size of the postpulse time window, or even to change the specific times when the phase effects occur in the populations. This paper is organized as follows. Section II presents a description of the main features of the methodology applied and the computational details. In section III the results are presented and discussed. Conclusions are given in section IV.
II. Methodology
In our previous work 32 we considered the fragmentation of the Ne-Br 2 van der
The dissociation dynamics of this complex has been studied in much detail, 33−37 and it has been shown that the dynamics in some energy ranges encompass overlapping resonances. 34−36 Interference between these overlapping resonances of Ne-Br 2 (B) have been used to design schemes to control the lifetime of specific resonance states. 22, 23, 38 The signature of interference between resonances on the transient fragment state distributions has been highlighted previously when a superposition of resonances is created by a pulse with a sufficiently large bandwidth. 39 Recent work on coherent control has discussed the significant role of interference between overlapping resonances in relation to coherent phase control. 31, 32, 40 Specifically, the Ne-Br 2 (B, v ′ = 27) complex was previously studied 32 because its ground intermolecular resonance overlaps with some vdW orbiting resonances located in the lower v ′ − 1 vibrational manifold of Br 2 (B). 36,37 These orbiting resonances lie above the Ne + Br 2 (B, v ′ − 1 = 26, j ′ = 0) dissociation threshold, and are supported by centrifugal barriers. In particular, the v ′ ground resonance overlaps mainly with a v ′ − 1 orbiting resonance located ∼ 1. 
The process of Ne-Br 2 (B, v i ) excitation with a laser pulse and the subsequent predissociation of the complex was simulated with a full threedimensional wave packet method (assuming J = 0) described in detail elsewhere. 22, 35 It is noted that the lifetime calculated with the present theoretical model for the decay of the Ne-Br 2 (B, v ′ = 16) ground intermolecular resonance has been found to be 69 ps, 41 while the corresponding lifetime estimated experimentally is 68 ± 3 ps. 42 This good agreement with the experimental lifetime implies that both the threedimensional wave packet method and the potential surfaces used in the present simulations are quite realistic to describe this resonance decay process.
In order to excite the Ne-Br 2 (B, v ′ = 27) ground resonance, we consider a pump pulse with a fixed Gaussian frequency distribution centered around ω 0 (which is the frequency required for excitation of the v ′ = 27 ground intermolecular resonance), including a quadratic spectral phase function with chirp parameter β 0 . The electric field applied in the Ne-
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with a linear chirp rate β and a pulse duration τ related to τ 0 and β 0 via
and
In 
III. Results and discussion
In Fig. 1 the Gaussian envelopes of the four pump pulses used in the simulations are shown for the different values of β 0 , showing the temporal range covered by the pulses as the chirp rate increases. The value of the chirp rate β is determined by eqn (2) , and when τ 0 (directly related to τ FWHM ) is large it dominates the denominator of eqn (2) and causes a small dependence of β on the value of β 0 . As a result, for τ FWHM = 40 ps the profile of the pump pulse has a really small dependence on the chirp rate, so practically no phase control effects on the Br 2 (B, v f ) vibrational populations should be expected by using these pulses. As τ FWHM decreases the chirp rate dependence of the pulse profile increases. For τ FWHM = 5 and 2.5 ps the chirp rate dependence of the pulse shape is maximized and those pulse profiles display the largest temporal spreadings. These pulses are expected to induce the largest phase control effects on the transient fragment populations.
As discussed above, phase coherent control effects on the transient Br 2 (B, v f ) fragment populations are the result of the interaction of (i) the mechanism of interference between the overlapping resonances populated in the superposition created, with (ii) the modulation of the pulse phase achieved by varying the pulse chirp rate. Thus, by establishing the correlation between the combined changes of both the interference mechanism and the laser pulse phase, and the final effects on the 7 Page 7 of 23 Physical Chemistry Chemical Physics Physical Chemistry Chemical Physics Accepted Manuscript fragment populations, we will be able to determine the role played by interference in the phase control effects achieved. The profiles of Fig. 1 provide an indication of the extent of the changes in the pulse phase for the four different temporal widths.
We now need a similar determination of the extent of the changes in the interference mechanism in combination with the phase modulation of the pulse for the different temporal widths, in order to establish the above correlation.
It has been previously found that the survival probability of one of the interfering resonances provides a sensitive probe of the magnitude of interference between the overlapping resonances. 22,23,38 Indeed, we can express the coherent superposition of the two overlapping resonances created when Ne-Br 2 (B, v ′ = 27) is excited as
where ψ 1 (t) and ψ 2 (t) are the zeroth-order v ′ ground resonance and the zeroth-order v ′ −1 orbiting resonance, respectively. Then the survival probability associated with the ψ 1 resonance can be expressed as
and a similar equation holds for I 2 (t) = | < ψ 2 |Φ(t) > | 2 . The ψ 1 wave function is calculated variationally, as previously described in detail. 22, 35 The specific preparation of the superposition Φ(t) determines the values of the amplitude coefficients a 1 (t) and a 2 (t), and these coefficients determine the intensity of the last three terms of the right-hand side of eqn (5) , which are the interference terms of the survival probability. This is the reason why I 1 (t) (or I 2 (t)) gives a sensitive measure of the intensity of interference between the overlapping resonances.
In Fig. 2 
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structure of undulations associated with interference between the two resonances becomes increasingly more pronounced as the spectral width of the pump pulse increases. The reason is that by gradually increasing the bandwidth of the pulse, an increase of the a 2 (t) coefficient in the Φ(t) superposition is achieved, leading to an increase of the intensity of interference between the resonances (see eqn (5)). For FWHM= 40 ps the pulse bandwidth is very narrow, and essentially only the ψ 1 resonance is populated (i.e., a 2 (t) is very small). In this situation interference with ψ 2 is very low, and the I 1 (t) survival probability corresponds to a single isolated ψ 1 resonance with no undulations. In the practical absence of interference variation of the chirp rate has no effect, and the survival probabilities for the different β 0 values are practically coincident. As the pulse bandwidth increases the ψ 2 resonance begins to be significantly populated and the onset of interference appears in the form of the structure of undulations. The intensity of this structure increases with increasing bandwidth, as the a 2 (t) coefficient grows. As should be expected, an increasing intensity of interference leads to increasingly different I 1 (t) curves when the chirp rate is varied, as seen in the panels corresponding to FWHM= 10, 5, and 2.5 ps.
Indeed, the more intense is the mechanism of interference, the larger will be the effects of changing that mechanism when the chirp rate is varied. The v ′ − 1 population curves of Figs. 4a, 5a, and 6a show that the main phase modulation effects occur at the same specific times, that can be identified as t ∼ 150, ∼ 200, ∼ 240, ∼ 300, ∼ 380, and ∼ 450 ps. Taking into account that the maximum half duration of the FWHM= 2.5 ps pulse with β 0 = 75 ps 2 is 200 ps, and that all the other pulses used have a maximum half duration < 150 ps (see Fig. 1 ), in most cases the above phase effects occur at times after the pump pulse is over. Therefore, the transient phase effects are postpulse effects, and the specific times at which they take place are essentially independent on the temporal width of the pulse applied.
The above behavior can be understood by examining the survival probabilities of the lower panels of Figs. 4-6. Actually, all those curves display a very similar pattern of undulations. Such a pattern is determined by the specific mechanism of interference between the two overlapping resonances, which is inherent to the resonances. Modifying the bandwidth of the pump pulse leads to quantitative changes in the pattern, due to the change produced in the a 1 (t) and a 2 (t) coefficients, but the qualitative overall shape of the pattern remains nearly the same. In other words, by increasing the bandwidth of the pulse, which increases the intensity of interference, an increasingly reacher structure of narrow peaks gradually appears superimposed 10 Page 10 of 23 Physical Chemistry Chemical Physics
on the overall structure of broad bumps. In this sense, it is noted that for the pulse with FWHM= 40 ps and β 0 = 0 ps 2 , the same overall structure of broad bumps located at the same times as those of Figs. 4-6 is found, albeit much smoother. A smooth overall structure of broad bumps is the signature of weak interference between the resonances, and a richer structure of narrow peaks appears superimposed on the overall pattern as the intensity of interference increases.
Not surprisingly, the time positions of the transient phase effects in the fragment populations coincide with the positions of the broad bumps of the overall structure of the survival probabilities. Actually these bumps are the signature of interference between the resonances, and interference is the requirement to achieve phase effects in the populations, as discussed above. The interesting result shown by the survival probabilities of Figs. 4-6 is that, as the intensity of interference inceases giving rise to a denser structure of narrow peaks in the curves, an increasing dephasing in the time positions of the peaks (in the sense of increasing differences in the peak positions) appears when the chirp rate is modified. Such a dephasing of the peak positions is the origin of the differences displayed at fixed times by the fragment populations when the chirp rate is varied, i.e., the transient phase effects. The dephasing is caused by changes in the mechanism of resonance interference produced by modifying the phase of the laser pulse. The larger is the dephasing the more intense will be the phase effect produced in the fragment populations, as shown by Figs. 4-6. In the case of the FWHM= 40 ps pulse the survival probabilities obtained when varying the chirp rate in the t > 100 ps range (not shown) display a very small dephasing of their peak structures, leading to practically negligible phase effetcs in the corresponding fragment populations (see Fig. 3 ). The increase of the intensity of interference and the appearance of a denser structure of peaks clearly contributes to enhance the dephasing between the different structures when the laser pulse phase is modulated. On the other hand, the current findings show that increasing the intensity of interference between the resonances enhance the intensity of the phase effects on the product distributions. There will be an optimal combination of a i coefficients in the superposition of overlapping resonances created that will maximize the intensity of interference between them. Thus, finding or approaching that optimal combination appears to be the simplest way to maximize the magnitude of transient laser phase modulation effects on the fragment populations.
In a similar line of discussion, it is also interesting to comment on the effect that 
increasing the strength of the field applied would have on the interference phase control effects found on the fragment distributions. Increasing the field strength in the weak-field regime implies increasing the amplitudes a 1 and a 2 of the resonances in the superposition of Eq. (4) by the same factor. Since a change in the intensity of interference between the resonances requires a change in the relative amplitudes a 1 and a 2 , and these relative amplitudes do not change by increasing the field strength, such an increase will lead to the same transient normalized vibrational populations. Thus, increasing the field strength in the weak-field regime is not expected to produce additional phase modulation control effects on the fragment distributions. However, as the weak-field regime is left and the strong-field regime is entered by further increasing the field strength, changes in the nature of the Hamiltonian may occur, which will affect the nature itself of the two overlapping resonances. As a consequence, the mechanism of interference between them will be affected qualitatively, albeit in a more unpredictable way.
IV. Conclusions
Quantum interference between nonorthogonal states, like overlapping resonances populated in a superposition, is a basic requirement to achieve postpulse laser phase modulation coherent control of photofragment product distributions in the weakfield regime. The role played by this interference in the occurrence and magnitude of the phase modulation control effects on the product fragment populations has been investigated in detail in this work. A clear correlation between increasing the intensity of resonance interference by varying the composition of the resonance superposition created, and the enhancement of the magnitude of the phase control effects has been established. More specifically, a detailed description of how the mechanism of interference between resonances originates the transient phase effects on the fragment populations and affects their magnitude, is provided. Based on that description, the conditions under which the degree of phase modulation control on the fragment distributions can be maximized in the weak-field limit, were discussed. 
